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The continuous addition of neurons into the adult brain is a wide-
spread phenomenon observed in many different animal species,
ranging from invertebrates to humans. Several thousand papers
have been written on adult neurogenesis since Joseph Altman
discovered this phenomenon in 1962 at MIT, by a curious coin-
cidence just a few hundred yards away fromwhere this comment
is being both written and published. There are two main reasons
why adult neurogenesis has raised such great interest over the
years. First, the persistence of neuronal addition into the mature
brain suggests the possibility of harnessing this naturally occur-
ring phenomenon toward replacing neurons lost to disease or
injury. Unfortunately, the realization of these hopes has been
modest at best, and the prospect of using adult neurogenesis to-
ward brain repair remains a very distant possibility, with no clear
direction for how to achieve this elusive goal. Second, adult neu-
rogenesis represents an unexplained challenge to the traditional
view of the brain as a static structure comprised of long-lived
neurons, the stability of which was thought to be necessary for
the long-term encoding of information.
Given the size of the literature on the subject of neurogenesis,
it would be convenient to have most of the existing information
compiled in an easily accessible form. Adult Neurogenesis by
Gage, Kempermann, and Song is a recently published book
that fills this niche by covering many aspects of this intriguing
phenomenon. The book, published by Cold Spring Harbor Lab-
oratory Press, contains 30 independent chapters written by
some 50 authors and provides a broad overview of the field.
The book starts with a section that includes several chapters de-
scribing the methods most commonly used to study neurogene-
sis. I found this section particularly useful, since these chapters
explained the techniques in a practical manner, also discussing
the advantages and pitfalls of eachmethod. The information pre-
sented in these chapters is very valuable, especially because
methodological limitations are usually not discussed in a critical
manner in papers or reviews. The book continues with a couple
of sections describing in great detail the cellular process in-
volved in the proliferation, migration, and differentiation of new
neurons into the adult brain and the physiological processes
that regulate the rates of neurogenesis. In recent years, a wealth
of information has been accumulated on these matters, and
these chapters provide a comprehensive survey of the topic.
From here, the book deals with the perhaps most intriguing
question in neurogenesis, its functional significance, specifically
as it may relate to learning and memory. The role that adult neu-
rogenesis may play in some disorders, such as depression and
epilepsy, and the potential applications of adult neurogenesis
for cell replacement in the brain are also discussed, and finally,
there is a section dealing with the comparative and evolutionary
aspects of neurogenesis, with chapters devoted to adult neuro-
genesis in the brains of fish, songbirds, humans, and wild popu-
lations of mammals. Despite being amultiauthor book, the differ-
ent chapters are well integrated, with minimal repetition. I would
have liked to have seen more discussion on the relevance of
adult neurogenesis to behavior, especially in songbirds, where
the correlation between adult neurogenesis and learning is par-
ticularly intriguing. Otherwise, the book is an authoritative source
that provides wide coverage of themajor topics of the field. Here,
I briefly highlight some of the key pending issues regarding the
functional relevance of adult neurogenesis discussed in the
book and suggest some views on this process that hopefully
would spark further discussion and experimentation.
Information Storage in the Brain: Neuronal Plasticity
versus Adult Neurogenesis
One of the fundamental assumptions of modern neuroscience is
that neurons store information by modifying their synaptic con-
nections with other neurons. According to this view, the mallea-
bility of synapses allows neurons to be very long-lived cells
because they can modify their functions in response to environ-
mental or behavioral demands. Similarly, it is also generally as-
sumed that long-term memory storage in the brain (over many
decades in the case of humans) is possible because many neu-
rons live as long as the individual harboring them. Within this
framework of traditional neuroscience, the existence of adult
neurogenesis in some brain areas of the mammalian brain ap-
pears as an ill-fitting anomaly. Interestingly, a survey of brain
development across the animal kingdom reveals the surprising
observation that, in most animal species, short-lived or renew-
able neurons may be as common as long-lived, nonrenewable
neurons. In fact, neurogenesis is widespread in the brains of
fish and songbirds (described in the chapters by Zupanc and
by Goldman), and among vertebrate nervous systems, only
the mammalian brain is mostly comprised of long-lived
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nonrenewable neurons. These observations suggest two inter-
esting possibilities. First, the ability of the brain to modify its in-
formation-processing capacity may occur through two parallel
and fundamentally different mechanisms, one based on synaptic
changes in long-lived neurons and another based on the cellular
addition or replacement of entire adult-generated neurons. Sec-
ond, the trend toward a higher proportion of long-lived, nonrep-
laceable neurons in the brain from reptiles to birds to mammals
suggests that these types of neurons may be better suited to
perform the computations that emerge in higher vertebrates.
It is important to note that, regarding adult neurogenesis, the
difference between mammals and nonmammals is simply one
of degree. In nonmammalian vertebrates, adult neurogenesis oc-
curs in many, but not all, regions of the brain. For instance, newly
generated neurons are added into the adult songbird forebrain,
but no neurons are added into the adult cerebellum. Moreover,
even within a single brain nucleus, some classes of neurons
are replaced, but not others. This observation is consistent
with the hypothesis mentioned above that the information-pro-
cessing capacity of the brain uses two parallel neuronal mecha-
nisms.
In mammals, it is accepted that adult neurogenesis occurs in
the olfactory bulb and dentate gyrus of the hippocampus (dis-
cussed in chapters by Lim, Huang, and Alvarez-Buylla, and by
Kempermann, Song, and Gage, respectively). There have been
some studies reporting adult neurogenesis into other brain
areas, such as the cortex and hypothalamus, but this issue re-
mains controversial, as these reports still await confirmation by
subsequent work. In the olfactory bulb, the neurons that are
added into the brain are small inhibitory interneurons with no
axons. In contrast, in the dentate gyrus, newly generated neu-
rons are excitatory projection neurons whose axons innervate
the CA3 area of the hippocampus. Are there any commonalities
among the different types of neurons that are added into the
brains of adult animals? Interestingly, in songbirds and mice,
these neurons appear to be sparsely active, firing action poten-
tials very infrequently (less than one event per second) or only in
response to very specific stimuli. The sparse firing pattern of
adult-born neurons could have some important implications for
their role in brain function, and further studies should explore
this question in detail.
Why should the brain use two different neuronal mechanisms
for information processing? In mammals, for example, both the
olfactory bulb and the neocortex are involved in the encoding
and storage of memories. However, whereas the olfactory bulb
receives a continuous influx of new neurons throughout life (de-
scribed in the chapter by Lledo´), there is no significantly detect-
able addition of new neurons into the neocortex. I would like to
discuss two complementary hypotheses that could explain
why some brain structures resort to continuous neuronal addi-
tion while others implement changes through synaptic modifica-
tion.
First, the type of information processed by the olfactory bulb
and dentate gyrus in mammals may require forms of plasticity
for which the mere reorganization of synapses is insufficient,
and thus, it may require the addition of new neurons. It is possi-
ble that once a cell has been incorporated into the circuit it may
be impossible to modify some features of its activity (for
instance, its timing or rate of firing) should the physiological or
behavioral demands require the cell to do so. This hypothesis
of ‘‘irreversible functional differentiation’’ by neurons was first
suggested by Fernando Nottebohm 20 years ago. In this sce-
nario, some neurons may be irreversibly committed to a very de-
fined pattern of activity, without the possibility of changing it. If
there is a need for neurons to perform a different task in the cir-
cuit, it could be necessary to add a new neuron that would be
trained or selected to perform that new task. Interestingly, add-
ing or replacing sparsely firing neurons whose activity is related
to single tasks in a circuit could be a much simpler undertaking
than adding or replacing neurons involved in multiple tasks.
Two chapters in the book, by Abrous and Wojtowicz and by Ai-
mone andWiskott, offer some interesting perspectives about the
roles that new neurons may play in the formation of new memo-
ries by the dentate gyrus.
Second, continuous neurogenesis may represent a primitive
cellular system for information storage and encoding, and neu-
rons involved in this form of brain plasticity may lack the ability
to reorganize their synapses once the neuron has matured. Sub-
sequently, during evolution, some neuronal types may have ac-
quired more flexible cellular mechanisms of information storage,
endowing them with the ability to reorganize their synaptic con-
tacts when they need to store/encode new information. This sce-
nario is consistent with the observation that the prevalence of
adult neurogenesis in the brain seems to decrease from reptiles
to birds to mammals. The trend toward a higher proportion of
long-lived and nonreplaceable neurons in the mammalian brain
suggests that this neuronal mechanism may be more appropri-
ate for the implementation of behavioral abilities specific to this
class of animals. In addition, it is interesting to consider whether
this trend toward long-lived neurons in long-lived mammals
could carry with it a cost as highlighted by the high prevalence
of neurodegenerative diseases afflicting aging humans. More-
over, several lines of evidence suggest that decreased neuro-
genesis in the human hippocampus could be a critical factor in
clinical depression, as described in the chapter by Sahay, Hen,
and Duman.
How can we investigate the physiological function of adult
neurogenesis? Perhaps thinking about adult neurogenesis as
an anomaly or exception in themammalian brain is a not a fruitful
strategy, since it could mislead the logic of the experiments de-
signed to study this phenomenon, and the interpretation of their
results. In recent years, a number of experiments have been per-
formed to investigate the behavioral deficits resulting from stop-
ping the addition of new neurons into the brain of adult rodents
through chemical, radiological, or genetic manipulations. Unfor-
tunately, the outcomes from some of these experiments have
been difficult to interpret and are already raising their share of
contention. Hopefully, more sophisticated genetic manipula-
tions will help to identify for which behaviors the new neurons
are required. However, ablation experiments by themselves
will not reveal whether there exist physiological mechanisms
that could explain why some brain regions rely on long-lived neu-
rons, whereas other regions receive a constant supply of new
neurons.
I would like to suggest that identifying the common physiolog-
ical properties of neurons that participate in adult neurogenesis,
Neuron
Book Review
376 Neuron 59, August 14, 2008 ª2008 Elsevier Inc.
Neuron
Book Reviewand comparing them to those of long-lived, nonreplaceable neu-
rons could be a useful guide toward understanding why the brain
uses these two parallel mechanisms for implementing change.
According to this hypothesis, it could be informative to compare
the physiological features of similar neuronal types between an-
imals in which these cells are either exclusively born in the em-
bryonic period or are continuously added throughout adulthood.
For instance, medium spiny neurons in the striatum share similar
morphologies, patterns of connections, developmental origins,
and molecular markers in mice and songbirds, but whereas
this cell type is exclusively generated in the embryonic period
in mice, it is continuously added into the striatum of songbirds.
As a test of the hypothesis that I described above, it would be in-
teresting to investigate whether the long-lived, nonreplaceable
medium spiny neurons of the mouse striatum posses an ability
to modify their synaptic connections that their replaceable coun-
terparts in the songbird striatum are lacking.
Where Do We Stand after Altman’s Initial Discovery?
Forty-six years and several thousand papers later, we under-
stand significantly more about many features of adult neurogen-
esis. For instance, in contrast to the initial perception that adult
neurogenesis was an unusual feature in some nervous systems,
it is now clear that adult neurogenesis is a pervasive phenome-
non widespread among all vertebrates. The cellular and molec-
ular mechanisms that regulate the proliferation of adult stem
cells, the migration of immature neurons, and their differentiationin the adult brain are reasonably well understood, and, perhaps
not surprisingly, to a large extent they are very similar to those
used by neurons generated during the embryonic period.
Whereas the hope that adult neurogenesis could be used for
brain repair has not yet yielded any tangible results (as discussed
in the chapter by Lindvall and Kokaia), the potential involvement
of adult neurogenesis in some diseases such as depression
could translate into some practical applications of research in
this field in the short term. Adult Neurogenesis discusses most
of these topics in well-written, accessible chapters. Despite
this half century of advances, however, some of the most basic,
and perhaps most interesting, aspects of adult neurogenesis still
remain a mystery. For instance, why has a phenomenon that is
common in so many classes of animals become less prevalent
in mammals? Why can the human cerebellum or neocortex pro-
cess, acquire, and store information for many decades using the
same set of neurons over and over, whereas the dentate gyrus
and olfactory bulb continuously add neurons into their circuits
throughout life to perform their functions? Comparing the phys-
iological properties of long-lived, stable neurons with those of
short-lived or replaceable neurons could shed some light on
this paradox. Hopefully, within the next few years progress will
be made along these lines so that the second edition of this
book will contain some answers to the puzzle of why the verte-
brate brain appears to process information through two parallel
operating modes, one based on synaptic change and another
based on whole-neuron addition.
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